Many water utilities with reservoir or lake intakes observe near annual occurrences of taste and odor, the source of which is often the volatile organic carbon (VOC) by-products of an algal bloom in the reservoir, at the dam, or in the lake hosting the plant intake. Although the VOC by-products are not directly harmful to human health, utilities must consider conventional options and advanced treatment alternatives (e.g., ozone, activated carbon filtration, membrane filtration) for taste and odor control to satisfy concerned customers. Adding further concern for utilities with algal blooms in source waters are the findings of a recent study that observed co-occurrence of nontoxic geosmin with a cyanotoxin-microcystin-in 87% of sampled Midwestern US surface waters (Graham et al, 2010 ).
An alternative solution for taste and odor control used by several North American facilities is ultraviolet (UV) and hydrogen peroxide (H 2 O 2 ) advanced oxidation. As an advanced oxidation process (AOP), the goal of UV/H 2 O 2 treatment is to produce the highly reactive and nonselective hydroxyl radical (•OH). The efficiency of 2-methylisoborneol (MIB) and geosmin oxidation with AOP is negatively affected by the presence of background constituents such as natural organic matter or carbonate alkalinity species. Additionally, because of the relatively poor UV absorbance of H 2 O 2 , larger doses of H 2 O 2 (2-10 mg/L) must be added in order to generate effective AOP conditions. Very little of this H 2 O 2 is consumed across the UV reactor (e.g., 5-10%), so a large H 2 O 2 residual will remain and must be quenched. Several methods that have been studied for residual H 2 O 2 quenching include providing a stoichiometric excess of chlorine (Cl 2 ), using granular activated carbon, and reducing hydrogen peroxide with bisulfite or other reducing agents. In practice, H 2 O 2 quenching can be a difficult and expensive challenge. In North America, quenching residual H 2 O 2 with free chlorine is commonly practiced by utilities when UV-AOP is needed only during seasonal taste and odor events (Civardi & Lucca, 2010; Cotton et al, 2010) .
Recent investigations have explored the potential of replacing H 2 O 2 with free chlorine to generate •OH in a germicidal-UV reactor (Watts & Linden, 2009 . This potential AOP could prove an attractive option for utilities struggling with taste and odor complications, because chlorine dosing could be optimized to provide AOP conditions for MIB and geosmin control while maintaining a desired level of chlorine for residual disinfection without the need for either quenching or supplementation.
Although theoretically yielding a greater mass of •OH per photon absorbed , UV-AOP performance with free chlorine is both oxidant dose-dependent (as with UV/H 2 O 2 ) and pH dependent (unlike UV/H 2 O 2 in most natural waters). Optimal advanced oxidation with UV/Cl 2 was observed for pH < 6, with micropollutant oxidation kinetics comparable to UV/H 2 O 2 at neutral pH . also concluded that the presence of the basic form of free chlorine, the hypochlorite ion, was the most significant rate-limiting factor for UV/Cl 2 as an AOP. Hypochlorite (OCl -) is a rapid •OH scavenger (8 × 10 9 M -1 s -1 ), whereas hypochlorous acid (HOCl) is quite slow (8.46 × 10 4 M -1 s -1 ).
Ultraviolet (UV)-based methods of advanced oxidation processes (AOPs), such as UV/hydrogen peroxide (H 2 O 2 ), can be used for removal of taste and odor contaminants in drinking water. However, significant disadvantages to UV/H 2 O 2 include incurred chemical costs associated with the addition of peroxide and quenching residual peroxide and the operational challenge of balancing peroxide quenching with secondary disinfection needs. Recent work has shown that H 2 O 2 can be replaced with chlorine (Cl 2 ) for UV-AOP and produce advantageous oxidation efficiencies for synthetic organic contaminants under certain conditions. This article uses modeling of the photochemistry of UV/H 2 O 2 and UV/Cl 2 to compare emerging and state-of-the-art UV-AOPs for control of the taste and odor-inducing compounds geosmin and 2-methylisoborneol. Although UV/H 2 O 2 has a decided advantage with respect to oxidation efficiency in surface waters at neutralto-basic pH, UV/Cl 2 can provide a cost-effective AOP alternative, with a low risk of added trihalomethane and haloacetic acid formation in some surface waters.
With a pKa of 7.54, the small fraction of hypochlorite available at near-neutral pH rapidly becomes the dominant radical scavenger in solution. Therefore, although the engineer designing a UV/H 2 O 2 system considers the water's alkalinity, dissolved organic carbon (DOC), and UV transmittance in determining optimal treatment dosages, comparative UV/Cl 2 systems must also account for treated water pH.
The current analysis was conducted to highlight water quality for which UV/Cl 2 and UV/H 2 O 2 are efficient UV-AOPs for oxidation of common algal VOCs, MIB and geosmin, in treated surface water. For water quality conditions in which both UV-AOPs were attractive options for taste and odor removal, an economic analysis considering chemical oxidant dosing as well as residual oxidant quenching was performed. The goal of the work was to provide a framework for decision-making analysis for future UV-AOP systems treating taste and odor in surface waters. Because this analysis will be based not only on advanced oxidation efficiency but also residual water quality, the effects of relatively high chlorine dosing (for UV-AOP and for H 2 O 2 -quenching) on initial disinfection by-product (DBP) formation in treated surface water are examined.
To examine these questions, the steady-state assumption for concentration of •OH in low-pressure mercury, high-output (LPHO) UV lamp-based AOP systems (monochromatic spectral emission at 254 nm) was applied to predict the advanced oxidation of algal VOCs in contaminated surface waters. Although polychromatic medium-pressure (MP) UV lamps are used in many UV-AOP installations, the LPHO-based models were used in this work to provide insight into the photochemistry of the AOPs while simplifying the analysis. The reported rates of modeled contaminant oxidation reported here may under-or over-predict observed rates in full-scale MP-UV-AOP reactors because of enhanced direct photolysis of contaminants, varying UV dose distributions, and higher-powered MP UV lamps.
ModEl dEvElopMEnt
The utility of the steady-state assumption for •OH in describing the performance of UV/H 2 O 2 has been thoroughly examined Sharpless & Linden, 2003; Crittenden et al, 1999; Glaze et al, 1995) . Further validation has come from the assumption of steady-state distributions of •OH in successful computational fluid dynamics modeling of UV-AOP reactors of varying geometries (Alpert et al, 2010; Santoro et al, 2010) . As was demonstrated by Watts and Linden (2009) , the steady-state assumption can also be applied when assessing the concentration of the •OH in UV-irradiated chlorine solutions with natural organic matter.
The applied model uses the same steady-state assumption for •OH as in Watts and Linden (2009) , while also accounting for •OH from the photolysis of both species of Cl -(OCl -and HOCl).
•OH is the direct product of HOCl photolysis and the product of the secondary reaction of reactive oxygen and water following OClphotolysis (Jin et al, 2010) .
Here the rate of 
in which I 0 is the incident photon irradiance (Einsteins [Es] L -1 s -1 ), Φis the quantum yield of •OH (mol Es -1 ), f is the fraction of light absorbed by the oxidant, b is the optical path length (cm), ε is the wavelength-specific molar extinction coefficient (M -1 cm -1 ), and C is the molar concentration of UV-absorbing species (M).
In general terms, the steady-state concentration of •OH in a free chlorine-based UV-AOP reactor can be described as the ratio of the rate of •OH formation, R 
in which k9 M is the pseudo first-order rate constant for MIB or geosmin and k M,OH is the second-order rate constant for the reaction of •OH and MIB or geosmin.
Model validation. To test the UV/Cl 2 [OH]
SS model for predicting advanced oxidation of trace contaminants in treated waters, modeled simulations were performed and compared with observed bench-scale UV/Cl 2 AOP oxidation of nitrobenzene (NB). For all modeled NB photo-oxidation, the accepted rate constant (as established by the Notre Dame Radiation Laboratory, South Bend, Ind.) of 3.0 × 10 9 M -1 s -1 for NB and •OH was used. The tested water matrix was sampled from a Durham, N.C., surface water treatment plant after sand filtration. The sampled water was analyzed for DOC (2.2 mg/L C), UV 254 absorbance (0.04 cm -1 ), and alkalinity (75 mg/L as calcium carbonate [CaCO 3 ]). To each test sample, 5 µM of NB was added before UV/Cl 2 AOP. Chlorine doses were variable (0-15 mg/L as Cl 2 ), and pH was adjusted to desired conditions using dilute phosphoric acid and sodium hydroxide. UV fluence was delivered using four low-pressure mercury germicidal UV lamps and cal-culated according to standardized methods for UV quasi-collimated beam studies (Figure 1 ; Bolton & Linden, 2003) .
The approximate goodness of fit of the UV/Cl 2 [OH] SS model for predicting observed NB photo-oxidation was examined for multiple data sets at pH 4.4, 7.1, and 9.2. Correlation coefficients were determined for the observed data describing the oxidation of nitrobenzene and predicted nitrobenzene oxidation. The coefficients for the UV/H 2 O 2 and UV/Cl 2 data sets were 0.89 and 0.97, respectively, highlighting the close proximity of the predicted and observed data.
Model application. To apply the UV/Cl 2 [OH] SS model, several critical process assumptions were made for a hypothetical LPHO-UV AOP reactor. A delivered fluence of 750 mJ/cm 2 was assumed to require a hydraulic residence time of 9 s and a 500 mJ/cm 2 fluence to require 6 s. Therefore, the hypothetical average irradiance of 88 mW cm -2 (photon fluence rate of 1.77 × 10 -4 Es cm -2 s -1 ) was used for both UV/H 2 O 2 and UV/Cl 2 calculations. By treating UV-AOP as a homogenous photochemical reaction sensitized by a constant irradiance, the reported fluence (photon fluence rate × molar photon energy × irradiation time) is fundamentally different from UV doses delivered for UV disinfection (based on validated inactivation of target microorganisms). This approach makes the cost of AOP a function of chemical-dosing requirements and independent of UV energy delivered (because both AOPs will receive the same theoretical dose of radiant energy).
For the modeled scenarios, an extreme taste and odor event was simulated with an initial geosmin and MIB concentration of 300 ng/L. Although not typical of most taste and odor events, this level of algal VOC contamination would represent a scenario in which advanced treatment (e.g., UV-AOP) would be needed in addition to conventional taste and odor control methods. The highest reported log-removal for this analysis (0.5-log from 300 ng/L initially), however, would not be sufficient to achieve finished water with MIB and geosmin levels less than their respective odor thresholds in water (5 ng/L).
potential benefits of Uv/Cl 2 for taste and odor control. Adding chlorine instead of hydrogen peroxide to enhance UV treatment of taste and odor-causing compounds has several potential advantages-including having higher yields of •OH from photolysis of HOCl compared with H 2 O 2 and designing the process to make residual chlorine quenching unnecessary and for certain UV reactor conditions (e.g., radiant energy input, hydraulics). UV/Cl 2 can also require a smaller initial oxidant dose than does UV/H 2 O 2 to produce the same level of taste and odor oxidation. To illustrate these benefits, the UV/Cl 2 [OH] SS model was applied to compare the relative initial oxidant doses to produce 50% oxidation of MIB. However, this pH range would occur naturally only in rare circumstances and would require pH control measures in all cases. At pH > 5, the ratio decreases as an increasing fraction of free chlorine speciates as hypochlorite (a significant hydroxyl radical scavenger). According to the model, at pH ≥ 7, the required dose of free chlorine can be substantially larger than the equivalent H 2 O 2 dose.
Recognizing that 750 mJ/cm 2 is a large UV fluence, the [OH] SS model was applied to generate regions of feasibility for various conditions to further compare delivered UV fluence, DOC, pH, and required oxidant dose to achieve a desired level of MIB and geosmin oxidation. In Figure 3 , the area under each curve represents the DOC and pH of surface water that can be treated with UV-AOP at chemical oxidant doses lower than 8 mg/L. An oxidant dose of 8 mg/L (not the maximum practical dose for all plants) of either H 2 O 2 or Cl 2 was chosen for this analysis as a high practical oxidant limit that is unlikely to be exceeded. can be added upstream of a UV reactor to generate oxidation of 50 and 70% of influent MIB and geosmin, respectively, as long as background DOC is very low (< 0.6 mg/L as C). The range of waters that can be treated by UV-AOP at this fluence increases to DOC of 1-2 mg/L if H 2 O 2 is replaced with Cl 2 (pH < 6). By doubling the UV fluence to 500 mJ/cm 2 , higher oxidation levels for the taste and odor compounds are attainable with either H 2 O 2 or Cl 2 < 8 mg/L. Oxidation of 50 and 70% of influent MIB and geosmin, respectively, is possible at this delivered fluence as long as background DOC is < 1.9 mg/L. The DOC range that can be treated at 500 mJ/cm 2 can be extended with Cl 2 for pH < 6.1 to at least 2.5 mg/L DOC, and potentially up to 4 mg/L DOC at an even lower pH level.
A higher delivered UV fluence of 750 mJ/cm 2 significantly extends the range of feasibility for UV/H 2 O 2 taste and odor control. UV with H 2 O 2 is capable of oxidizing 70% MIB and 90% geosmin with < 8 mg/L H 2 O 2 at DOC < 1.5 mg/L. The same treatment results could be achieved with UV/Cl 2 in waters with DOC up to 3.4 mg/L.
The shaded areas in Figure 3 show the region of pH and DOC in which the required dose of either chemical oxidant for UV-AOP would be less than 8 mg/L and approximately equivalent. To understand this region further, total chemical costs were compared in this range for a selected UV-AOP fluence of 750 mJ/cm 2 , and chemical dosing with either sodium hypochlorite (NaOCl) or H 2 O 2 . For the UV/H 2 O 2 scenario, the initial concentration of H 2 O 2 was determined from the hypothetical total •OH scavenging in the soft surface water and the desired oxidative log-removal of taste and odor VOCs. Residual H 2 O 2 concentrations were predicted based on the quantum yield of H 2 O 2 at λ= 254 nm. There exists a variety of inorganic and organicincluding enzyme-based and activated carbon-based Liu et al, 2003 )-quenching options for residual H 2 O 2 . As previously discussed, quenching of residual H 2 O 2 with free chlorine is increasingly common at North American UV-AOP installations. The residual H 2 O 2 is often quenched with enough Cl 2 to scavenge the remaining peroxide and leave a desired secondary disinfectant in the form of available chlorine. For this analysis, a post-UV residual chlorine concentration of 1.5 mg/L as Cl 2 was targeted following all oxidationquenching treatments. For cost-comparison purposes, an alternative reducing agent, sodium bisulfate (NaHSO 3 ), for both residual H 2 O 2 and Cl 2 was examined.
Under certain conditions, UV/Cl 2 could reduce the need for chemical quenching agents downstream. To test the practicality of this approach, the [OH] SS was predicted in a UV reactor delivering 750 mJ/cm 2 of monochromatic UV 254 . To achieve a target chlorine residual of 1.5 mg/L, a spike of 1.94 mg/L as Cl 2 is needed if it is assumed that the quantum yield of chlorine photodegradation is 1.3 mol Es -1 and that the first-order rate of oxidant disappearance is a function of quantum yield and the oxidant's wavelength-specific molar extinction coefficient (Bolton & Stefan, 2002) . The hypothetical pH 6.1 surface water contained 35 mg/L of alkalinity as CaCO 3 , and DOC of 0.5 mg/L. Under these UV-irradiation conditions (an average irradiance of 83 mW/cm 2 ), the upstream spike of 1.94 mg/L as Cl 2 would yield a 50% reduction in MIB and a 69% reduction in geosmin. For certain utilities, treating taste and odor with UV/Cl 2 while avoiding costly chemical oxidant quenching may be a viable option.
To achieve higher removals of MIB and geosmin with an LPHO UV reactor delivering 750 mJ/cm 2 , larger initial doses of Cl 2 or H 2 O 2 are required. The resulting post-UV residual Cl 2 will need to be quenched to meet the desired secondary disinfectant concentration (in this case, 1.5 mg/L as Cl 2 ). As previously mentioned, NaHSO 3 was selected for the role of reducing residual oxidant concentrations. All reported costs are based on quotations received by the authors for "food grade," NSF 60-certified chemicals (NSF, 2004 ) from a nationwide distributor of bulk chemicals to water treatment plants and industries (prices were quoted in winter 2011). Table 1 presents estimated chemical costs for each of the studied quenching options for UV/H 2 O 2 and UV/Cl 2 . Table 1 Comparison of estimated chemical costs* for UV-AOP reactors treating 7.9 mgd (for 0.5-log MIB and 1-log geosmin removal) with 750 mJ/cm 2 AOP-advanced oxidation process, Cl 2 -chlorine, DOC-dissolved organic compound, H 2 O 2 -hydrogen peroxide, HSO 3 --bisulfate, MIB-2-methylisoborneol, UV-ultraviolet *Total chemical costs are the sum of the cost of initial oxidant dose (Cl 2 or H 2 O 2 ), the cost of the quenching agent (based on stoichiometric dosing), and the required residual disinfectant (1.5 mg/L as Cl 2 ). †Cl 2 = Cl 2 for quenching + Cl 2 residual (1.5 mg/L)
Values in Table 1 are derived from quoted per-gallon costs of $4.10, $1.65, and $3.50 for 35% H 2 O 2 , 12.5% NaOCl, and 38-42% NaHSO 3 , respectively. Freight charges were ignored because of the unique variability within this added chemical cost. In all presented cases, when pH was < 6.5, adding Cl 2 upstream of the UV reactor and reducing the residual concentration with bisulfite (HSO 3 -; to 1.5 mg/L Cl 2 ) was the least expensive option for 0.5-log MIB and 1-log geosmin advanced oxidation. However, a pH of 6.5 requires > 8 mg/L as Cl 2 , which means a substantial chlorine residual after UV treatment. Including the cost of quenching this residual, total costs at pH 6.5 for UV/Cl 2 are ~ 2-3 times that of identical treatment with UV/H 2 O 2 . The calculated dose of quenching agent is based on the stoichiometric relationship, with HSO 3 -being the least expensive option for chemically quenching residual H 2 O 2 . However, mass ratios of 2.7 and 4.7 (mg/L:mg/L) for Cl 2 :H 2 O 2 and HSO 3 -:H 2 O 2 , respectively, have been reported for quenching surface waters spiked with H 2 O 2 . When the possibility that higher than expected doses could be necessary for quenching residual H 2 O 2 is considered, the bisulfite option for UV/H 2 O 2 becomes more expensive than quenching with NaOCl.
As pH is increased from 6.1 to 6.5, the required initial concentration of Cl 2 from NaOCl increases, whereas the initial concentration of H 2 O 2 remains independent of pH (but dependent on the DOC of the water matrix). That this increase in Cl 2 is needed to achieve the same •OH can be explained by the added scavenging from unphotolyzed, residual chemical oxidant in the form of OCl -. To illustrate this phenomenon, Figure  4 shows the close correlation between total cost/day for sequential Cl 2 -UV-HSO 3 -and the percentage of free chlorine that is OCl -(for the hypothetical 7.9 mgd plant). As pH increases above 6.5, the required NaOCl dose to overcome total •OHscavenging in the treated water becomes increasingly impractical without pH adjustment.
With respect to the varying architecture for drinking water treatment, UV/Cl 2 shares this optimal pH range with ferric-based coagulation/flocculation and alumina-based arsenic sorption. Where pH suppression is required to enhance performance of these treatments, strong acids such as sulfuric and hydrochloric are added. Because pH suppression strategies are rarely incorporated for the sole purpose of enhancing chemical oxidation and are a function of the raw water alkalinity, pH, and upstream treatments, the added chemical costs of strong acids and bases were not included in the cost estimations in Table 1 .
potential for rapid dBp formation. This analysis demonstrates that UV/Cl 2 may be an effective and economical advanced oxidation process under certain conditions. However, the potential for chlorination by-product formation must also be considered. The conditions for DBP formation in an LPHO UV/Cl 2 advanced oxidation system are unique: a high chlorine concentration (e.g., 10 mg/L) may be present, but only for a short period before quenching (e.g., 10 s). The literature does not contain information that would allow the anticipation of DBPs under these conditions. It is beyond the scope of this article to 
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address this issue thoroughly, but some preliminary exploratory trihalomethane (THM) and haloacetic acid (HAA) formation experiments were conducted using water sampled from the Cornwall Water Treatment Plant in Ontario, which uses UV/ H 2 O 2 for taste and odor control. Saint Lawrence River water was collected from the plant after conventional clarification and filtration and before peroxide addition or UV irradiation. The water was then chlorinated in the laboratory at 22 o C, at both pH 6.0 and 8.0, with a chlorine dose of 10 mg/L. THMs and HAA9 formation were monitored beginning at 10 s, up to 24 h, with residual chlorine quenched using sodium bisulfite. The results shown in Figure  5 demonstrate that despite the high chlorine dose, relatively few THMs and HAA9 were formed during the first minute relative to the eventual 24-h formation. Of particular interest for UV/Cl 2 applications, total DBPs were significantly lower for the 60-s exposure at pH 6 than at pH 8. It should be cautioned that this water, with a TOC of 1.6 mg/L, is not prone to high THM and HAA formation (typical tap water concentrations of each are 30-60 µg/L). Furthermore, the potential for other organic chlorination by-products to form during the few seconds of high chlorine concentration must also be considered, as must the formation of inorganic chlorine by-products such as chlorate. Previous analyses of photolyzed freechlorine solutions found chloride and chlorate to be the primary photodegradation products, with as much as 10-15% of the photolyzed chlorine (by mass) becoming chlorate, which is a regulated DBP in many jurisdictions (Feng et al, 2010) .
The authors would recommend extensive investigation of these water-specific issues before implementing UV/Cl 2 treatment.
ConClUsions
Predictive applications of the UV/Cl 2 [OH SS ] model highlight the decided advantage of generating •OH from photolyzedchlorine in surface waters of pH 6-6.5. In this pH range, significant oxidation of taste and odor can be achieved over a wide range of DOC (in some cases, > 4 mg/L as C) at relatively low initial oxidant doses (< 8 mg/L as Cl 2 ), yielding considerable cost savings when compared with the chemical costs associated with producing the same level of taste and odor oxidation with UV/ H 2 O 2 . Although pH values this low are not typical of finished drinking water, creative plant design could take advantage of the optimal pH range (5-8.5, with better natural organic matter removal at lower pH) for ferric coagulation (MWH, 2005) to produce a filtered water of ideal percentage of UV transmission and pH for advanced oxidation with UV/Cl 2 .
The potential for rapid DBP formation from injection of Cl 2 upstream of UV-AOP poses questions related to the final THM and HAA concentrations in surface waters treated with UV/Cl 2 . Although the THMs and HAAs formed in our Cornwall case study were low, other organo-halogenated or inorganic DBPs of health concern might be formed, despite the expected short chlorine contact time before quenching of the excess residual. Other unknowns identified by the authors that should be further researched before piloting and operation of UV/Cl 2 for taste and odor control are presented in Table 2 . 
